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a  b  s  t  r  a  c  t
This paper reports the synthesis, structural characteristics and magnetism of
SrFe12O19/MCe0.04Fe1.96O4 (M = Cu, Ni, Mn, Co and Zn) hard/soft nanocomposites. The
hard/soft compositions were manufactured via a one-pot reactions citrate sol-gel approach.
The  hard/soft phases formation was confirmed using XRD, SEM, TEM and HRTEM tech-
niques. M vs. H (Magnetization measurements) were done at unbent temperature and
10  K. Smoothed M against H loops and single peaks in dM/dH vs. H curves were noticed
in  SrFe12O19/MnCe0.04Fe1.96O4, SrFe12O19/CuCe0.04Fe1.96O4 and SrFe12O19/ZnCe0.04Fe1.96O4
hard/soft nanocomposites. This indicated the manifestation of well exchange-coupled
effect among hard and soft phases in these composites. However, SrFe12O19/CoCe0.04Fe1.96O4
and SrFe12O19/NiCe0.04Fe1.96O4 hard/soft nanocomposites showed non-well smoothed M
against H loops and two peaks in dM/dH versus H plots, indicating that the dipolar inter-
actions are unimportant compared to exchange-coupling behavior. Among all prepared
nanocomposites, the SrFe12O19/MnCe0.04Fe1.96O4 hard/soft nanocomposite showed the
highest exchange-coupling behavior. Microwave properties of the SrFe12O19/MCe0.04Fe1.96O4
(M = Cu, Ni, Mn, Co and Zn) hard/soft nanocomposites were investigated using coaxial frequency values fall between 2 and 18 GHz. Reflection losses weremethod with appliedcalculated from frequency dependences of the imaginary and real parts of permeability
and permittivity. The correlation between the chemical composition of the spinel phase
(A-cation) and microwave properties of composites. Most intensive electromagnetic
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absorption was observed for Ni- and Mn-spinels. This is can be a result of the differences
in  electron shell configuration and radii for A-site ions in the spinel phase. Change of
the  absorption mechanisms (transition from ionic polarization to dipole polarization) was
observed.




















































n modern technology, magnetic metal oxides are playing a
rominent role because of their outstanding physical prop-
rties and potential applications in the area of nanoscience
nd nanotechnology [1,2]. For magnetism, due to relative high
urie temperature, excellent corrosion resistance, their low
ost, high electrical resistivity and minor size with unique
hysical and chemical features, metal ferrites in their both
orms; spinel ferrite (as soft) and hexaferrite (as hard) are
alented for advanced permanent magnetic materials [3,4].
or spinel ferrites, their high chemical and thermal sta-
ility, non-toxicity, economic efficiency and high saturation
agnetization (Ms), make them multifunctional materials
pplied in various fields such as biomedicine, catalysis,
agnetic recording, and sensing [5–7]. However, the spinel
errite nanoparticles are possessing low coercivity (Hc) [8].
n the other hand, hexaferrite nanoparticles are exhibiting
arge coercivity. High-performance magnets are characterized
y high magnetization and high coercivity, simultaneously,
hich are accomplished by nanocomposites soft/hard ferrite
anoparticles [9]. The combination between soft and hard
errites may produce new material called exchange-spring
agnets, which have improved coercivity and magnetization
10,11]. According to Kneller and Hawig [10], when hard and
oft phases are exchange-coupled to each other in a sufficient
ay, the soft phase possessing the high Ms  and the hard phase
ossessing the high Hc will combine to produce materials
xhibiting a superior magnetic property.
The majority of the reported techniques are technically
omplicated due to the requirement of high sintering temper-
tures, several steps and separate preparation reactions for
ach phase before reacting [12,13]. For the effective synthesis
f an exchange spring magnet, a high level of homogeneity
etween hard and soft ferrite phases must be achieved. One
ossible way targeting that condition is to grow both phases
ogether in a single reaction. This method is called one-pot
ynthetic route, which was first reported by Hazra et al, used
o prepare (NiFe2O4)x/(BaFe12O19)1-x composites in a simple
ay [14]. Up to now, some papers presented the synthesis
f hard/soft ferrites nanocomposites such as Ba hexaferrite
nd NiZn ferrites [15], SrFe12O19-Zn0.5Ni0.5Fe2O4 [16], NiFe2O4-
aFe12O19 [17], SrTm0.01Tb0.01Fe11.98O19 and spinel ferrites
18], SrFe12O19-Zn0.4Co0.2Ni0.4Fe2O4 [19]. Unfortunately, the
ptimum exchange-coupling in hard/soft ferrites is very chal-
enging due to the lack of by-products control [8], and the
ifficulties of tuning the composition by varying the hard/soft
atios.Thus, in this study we  attempted to comprehend
he structural, magnetic and microwave properties of
rFe12O19/MCe0.04Fe1.96O4 (M = Cu, Ni, Mn,  Co and Zn)-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
hard/soft nanocomposites fabricated via one-pot citrate-gel
approach, to achieve an exchange spring magnet.
2.  Experimental
The synthesis SrFe12O19/MCe0.04Fe1.96O4 (M = Cu, Ni, Mn,
Co and Zn) hard/soft nanocomposites were carried out via
one-pot citrate-gel combustion approach. Metal nitrates of
Sr(NO3)2, Fe(NO3)3.9H2O, Ce(NO3)3.6H2O, Ni(NO3)2·6H2O,
Co(NO3)2·6H2O, Cu(NO3)2·6H2O), Zn(NO3)2·6H2O, and
Mn(NO3)2·6H2O were obtained from Merck and used as
received.
Stoichiometric contents of the required metal salts were
thawed in a certain amount of H2O to prepare two  solutions
of SrFe12O19 as hard and MCe0.04Fe1.96O4 (M = Cu, Ni, Mn,  Co
and Zn) as soft, separately. Finally, the hard and soft solutions
and required amount of citric acid were mixed under contin-
uous stirring at a temperature of 75 ◦C. The pH of the solution
was arranged to be 7 by adding ammonia solution. The mix-
tures then were reheated up at 150 ◦C for 45 min  before raising
the temperate to 350 ◦C to generate viscous gels which were
burned to get black powder. The residuals were then calci-
nated at 1000 ◦C for 5 h [20,21]. Rigaku X-ray diffractometer
(XRD) has been used to verify the structure of both hard and
soft nanocomposite. Scanning (SEM) and Transmission (TEM)
electron microscopy observations were done via FEI Teneo
microscope. Magnetic measurements were done via Quantum
Design PPMS DynaCool-9 coupled with a head of vibrating
sample magnetometer (VSM). Agilent vector network analyzer
was used to determine the electromagnetic parameters of the
investigated composites between 2 and 18 GHz frequencies
range via the transmission line method. The measured reflec-
tion coefficient (S11) and transmission coefficient (S21) of the
samples were converted into real parts and imaginary parts
of permeability ( ̇′, ̇′′ and permittivity ( ε̇′ and ε̇′′) which were
calculated via Nicholson-Ross-Weir algorithm from recording
S-parameters as function of frequencies [22–24].
3.  Results  and  discussion
3.1.  Structure
Fig. 1 shows PXRD patterns for SrFe12O19/MCe0.04Fe1.96O4
(M = Cu, Ni, Mn, Co and Zn) hard/soft nanocomposites. The
results confirmed the presence of both M-type Sr-hexaferrite
JCPDS Card 00-043-0002 and spinel ferrite phases without any
occurrence of an external phase, which proves the effective-
ness of preparation method to produce a homogeny hard /soft
phase. Furthermore, all (114) and (107) peaks for M-type Sr
hexaferrite showed great intensity, while the (311) peak of
spinel ferrites is fluctuating in response to the type of spinel.
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Table 1 – The structural parameters of the hard and soft phases SrFe12O19/MCe0.04Fe1.96O4 (M = Ni, Co, Cu, Mn, and Zn)
hard/soft nanocomposites.
Nanocomposite DXRD (nm) Hard phase Soft phase
Soft Hard a = b (Å) c (Å) a = b=c (Å)
SrFe12O19/CoCe0.04Fe1.96O4 20.8 36.2 5.8778 23.0115 8.4022
SrFe12O19/NiCe0.04Fe1.96O4 28.8 35.4 5.8870 23.0355 8.3423
SrFe12O19/ZnCe0.04Fe1.96O4 29.2 44.2 5.8848 23.0358 8.4411
SrFe12O19/CuCe0.04Fe1.96O4 21.3 42.6 5.8823 23.0276 8.3344
SrFe12O19/MnCe0.04Fe1.96O4 18.2 26.8 5.8884 23.0243 8.3051
Fig. 1 – XRD powder patterns of various
SrFe12O19/MCe0.04Fe1.96O4 (M = Ni, Co, Cu, Mn,  and Zn)
Table 2 – The deduced magnetic parameters for all
synthesized hard/soft SrFe12O19/MCe0.04Fe1.96O4 (M = Ni,
Co, Cu, Mn,  and Zn) hard/soft nanocomposites.
Hard/Soft
nanocomposites
SQR  nB (B)
300 K 10 K 300 K 10 K
SrFe12O19/NiCe0.04Fe1.96O4 0.478 0.464 10.26 13.73
SrFe12O19/CoCe0.04Fe1.96O4 0.466 0.541 12.36 16.38hard/soft nanocomposites.
The MCe0.04Fe1.96O4 (M = Ni, Co, Cu, Mn,  and Zn) peaks are
broadened, which indicate the smaller crystallite sizes. The
crystallites size and cell constants of hard/soft nanocompos-
ites have been computed via Rietveld refinement using Match
3! Full proof software. The crystallites sizes of both soft and
hard phases are estimated via Scherrer’s equation consider-
ing the (114) and (311) peaks in the PXRD patterns for all hard
and soft nanocomposites. The obtained results are listed in
Table 1.
3.2.  MorphologyThe micrographs SrFe12O19/MCe0.04Fe1.96O4 (M = Cu, Ni, Mn,
Co and Zn) hard/soft nanocomposites are exhibited in Fig. 2.
All compositions showed hexagonal platelet structure for the
hard component with some accumulation of spherical grainsSrFe12O19/CuCe0.04Fe1.96O4 0.527 0.501 9.97 12.35
SrFe12O19/MnCe0.04Fe1.96O4 0.582 0.574 12.76 18.37
SrFe12O19/ZnCe0.04Fe1.96O4 0.415 0.251 5.47 8.75
of soft component on the surface of the hexagonal plate due to
the interactions of magneto-dipole among the particles. The
grains size of soft ferrites is lower than that of hexaferrite
phase. Moreover, the morphologies are different according to
the type and ionic radii of each spinel ferrite. Fig. 3 presented
EDX and elemental mapping of SrFe12O19/MCe0.04Fe1.96O4
(M = Ni and Mn) hard/soft nanocomposites. The graphs con-
firmed the stoichiometry of prepared hard and soft ferrites.
TEM images of SrFe12O19/MCe0.04Fe1.96O4 hard/soft nanocom-
posites (M = Ni and Zn) are revealed large hexagonal particles
with small particles distributed over them as seen from Fig. 4.
To prove the formation of both hard and soft phases, the
HR-TEM images were employed to determine the interpla-
nar distances as followed 0.25, 0.29, 0.30, 0.042, 0.46, 0.49, 0.50
matching with (311), (220), (106),(103), (102), (101) and (100) that
correlated with hexagonal and spinel ferrites. These values are
corresponding to the XRD results.
3.3.  Magnetic  properties
The high coercivity (Hc) value of pure hard SrFe12O19 hexafer-
rite and the good magnetic properties (such as high saturation
magnetization (Ms)) of pure soft spinel ferrites. The grouping
of these two initial phases is appropriate to form exchange-
spring coupled nanocomposites. In the present study, we
explore the magnetic features and exchange-spring behavior
of nanocomposite samples of hard SrFe12O19 hexaferrite
combined with different soft spinel ferrites. For that purpose,
magnetic hysteresis loops were measured under an applied
field of ±70 kOe at RT and low temperature. Fig. 5 displays
the curves of magnetization plotted against applied magnetic
field (M-H) for SrFe12O19/MCe0.04Fe1.96O4 (M = Ni and Mn). The
magnetic parameters involve Ms, Mr, Mr/Ms ratio and Hc were
deduced (see Fig. 5 and Table 2). SrFe12O19 HF sample showed
ferrimagnetic behavior at both measured temperatures of
T = 300 and 10 K. Hc values are about 4340 and 2810 Oe at 300
and 10 K, respectively [25–27]. Ms and Mr values are found be

























Fig. 2 – SEM images of various SrFe12O19/MCe0.04Fe1.96
round 68.5 and 34.8 emu/g at 300 K and 102.5 and 49.9 emu/g
t 10 K. The main aspect that is pronounced in various M-H
urves for nanocomposite samples is the shape of hysteresis
oops (see Fig. 5(b) and (d)). Some synthesized samples showed
ell-smoothed M-H  loops, which indicate the collaborative
wapping of the two interacting phases magnetism via great
xchange-coupling among the soft and hard boundaries.
he magnetic moments of soft phase turn in line with hard
hase as a response to external magnetic field. Consequently,
he magnetization and demagnetization of magnets possess
he features of a single ferrimagnetic phase [28]. On other
and, some M-H  loops are not well-smoothed and some of
hem exhibit kink, which indicates a separable swapping
f soft and hard magnetic phases because of uncompleted
xchange-coupling among them and thus, a superimposition
f two loops will be noticed [28]. Certain levels of dipolar
nteractions are existing into any produced hard/soft compos-
tes owing to hard/hard and soft/soft interactions. However,
he influences of interactions on magnetic features could be
ignificant or negligible. Accordingly, the exchange-coupling
trength of the composites might be better assessed through
xploring dM/dH vs. H curves as shown in Fig. 6 [29,30].
argely, an excellent exchange-coupling is achieved when = Ni, Co, Cu, Mn,  and Zn) hard/soft nanocomposites.
a single peak is observed. However, a week or uncoupled
exchange will give rise to manifestation of two distinctive
peaks. dM/dH plots of the two SrFe12O19/NiCe0.04Fe1.96O4
and SrFe12O19/CoCe0.04Fe1.96O4 hard/soft nanocomposites
showed two  distinct peaks at both measured temperatures,
which implies the non-achievable reversal magnetization by
one stage. This proves the occurrence of weak exchange-
coupling effect in the two SrFe12O19/NiCe0.04Fe1.96O4
and SrFe12O19/CoCe0.04Fe1.96O4 hard/soft nanocomposite
phases. At lower temperature, the intensity of the sec-
ond observed peak slightly reduced and become like a
shoulder, which is mostly assigned to the reduced thermal
fluctuations. On the other hand, the dM/dH plots of other
SrFe12O19/CuCe0.04Fe1.96O4, SrFe12O19/MnCe0.04Fe1.96O4 and
SrFe12O19/ZnCe0.04Fe1.96O4 hard/soft nanocomposites showed
only a single peak, suggesting the achievement of reversal
magnetization in one-stage. This reveals the manifestation of
good exchange-coupling behavior, which in turn could gen-
erate significant influences on magnetic features of hard/soft
composites as they attempt to align the both phases magnetic
moments to be parallel to each other.
Fig. 7 shows the evolutions in Ms, Mr and Hc values for
various prepared products with respect to different spinel
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9/MCFig. 3 – EDX spectra and Elemental mappings of SrFe12O1
ferrite phases. It is well-known that Ms and Mr magnitudes
are improved at low temperatures compared to the ones
at RT. It is principally initiated by the thermal fluctuations’
reduction at lower temperatures and thus strengthening the
super-exchange interactions among different sites [31–33].
The SrFe12O19/MCe0.04Fe1.96O4 hard/soft composites showed
ferrimagnetic behaviors at the both measured temperatures.
Furthermore, the specific Ms and Mr magnitudes found in
the current study are greater than several earlier investiga-
tions of hard Sr hexaferrite and soft spinel ferrites [34–36].
At both temperatures, the maximum Ms and Mr values
are for SrFe12O19/MnCe0.04Fe1.96O4 with Ms values of 55 and
79.2 emu/g at RT and T = 10 K, respectively, and Mr values
of 32.0 and 45.5 emu/g at T = 300 and 10 K, respectively.
Ms and Mr are decreased in SrFe12O19/CoCe0.04Fe1.96O4 to
53.1 and 24.8 emu/g at RT and to 70.4 and 38.1 emu/g at Te0.04Fe1.96O4 (M = Ni and Mn)  hard/soft nanocomposites.
=10 K, respectively. Then, Ms and Mr are further decreased
for SrFe12O19/NiCe0.04Fe1.96O4 and SrFe12O19/CuCe0.04Fe1.96O4.
The lowest Ms and Mr values are associated to the
SrFe12O19/ZnCe0.04Fe1.96O4 sample, where Ms values are 23.4
and 37.4 emu/g at RT and 10 K, respectively, and Mr values are
9.2 and 9.7 emu/g at RT and 10 K, respectively. Accordingly, the
variation tendency in Ms and Mr magnitudes at RT and 10 K
from the highest to the lowest for the different synthesized
hard/soft nanocomposites can be summarized as fol-
low; SrFe12O19/MnCe0.04Fe1.96O4 > SrFe12O19/CoCe0.04Fe1.96O4
> SrFe12O19/NiCe0.04Fe1.96O4 > SrFe12O19/CuCe0.04Fe1.96O4 >
SrFe12O19/ZnCe0.04Fe1.96O4. Without exception, it is evident
the existence of sound correlation among the magnetic
moments of various M ions and the magnetization, which
are as follow nMn2+ = 5.91 B) > nCo2+ = 3.45 B) > nNi2+ = 2.44
B > nCu2+ = 1.73 B > nZn2+ = 0 B. Among diverse synthesized
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Fig. 4 – TEM and HR-TEM images of various SrFe12O19/MCe0.04Fe1.96O4 (M = Ni and Zn) hard/soft nanocomposites.








M = Ni, Co, Cu, Mn,  and Zn) hard/soft nanocomposites.
ard/soft nanocomposites, the SrFe12O19/MnCe0.04Fe1.96O4
ne resides in a particular place at the nanoscale level. The
ariations of the microstructure could produce a cations redis-
ribution that will further influence the magnetic features of
he nano-ferrites. Mn  ferrites are generally known as nor-
al  spinel where the tetrahedral A sites are occupied bydivalent Mn2+ cations, while trivalent Fe3+ cations occupy
octahedral B sites [37]. Accordingly, Mn normal spinel ferrite
barely presents B-B exchange interactions, but no A–A or A–B
exchange interactions. By diminishing the size of particles to
nanoscale order, a cation inversion happens and hence, the
Mn normal spinel ferrite structure is changed to a mixed spinel
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Fig. 6 – dM/dH vs H plots performed at RT and 10 K for various prepared SrFe12O19/MCe0.04Fe1.96O4 (M = Ni, Co, Cu, Mn,  and
Zn) hard/soft nanocomposites.
structure. In this structure, some Fe3+ ions are transferred to
the A sites and some of the Mn2+ ions are transferred to the
B sites. As a consequence, the A–B and A–A interactions will
be involved along with B–B interactions. The level of cations
inversion is increasing with further decreasing the size of par-
ticles, and so A–B super-exchange interactions are additionally
reinforced, leading to further enhance the magnetic features.
This event appears to be apparent in the present occasion
of SrFe12O19/MnCe0.04Fe1.96O4 hard/soft nanocomposite. Al
Yaqoob and co-workers [38] produced AFe2O4 nanoparticles
where A = Co, Zn, Ni, and Cu and they explored the magnetic
features at 300 K. They indicated that Co and Ni nano-spinel
ferrites displayed largely ferromagnetic (FM) behavior, while
Cu and Zn nano-spinel ferrites showed superparamagnetic
(SPM) behavior. CoFe2O4 nanoparticles revealed the supreme
magnetization and coercivity values amongst others (AFe2O4
where A = Ni, Cu or Zn). Ms and Mr magnitudes are decreased
from the highest to the lowest as follow CoFe2O4, NiFe2O4,
CuFe2O4, and CuFe2O4, which can explain the evolutions inmagnetization values for various prepared hard/soft compos-
ites.
As mentioned above, the magnetic moment has an influ-
ence on the variation of Ms and Mr values. Accordingly, the
magnetic moments (nB) experimental values are calculated for
all synthesized SrFe12O19/MCe0.04Fe1.96O4 nanocomposites by
using the following expression [39]:
nB = Mw × Ms5585
Mw represents the nanocomposite’s molecular weight.
The nB calculated values are recorded in Table 2. The nB
fallen with the following trend from the highest to the low-
est; SrFe12O19/MnCe0.04Fe1.96O4 > SrFe12O19/CoCe0.04Fe1.96O4
> SrFe12O19/NiCe0.04Fe1.96O4 > SrFe12O19/CuCe0.04Fe1.96O4 >
SrFe12O19/ZnCe0.04Fe1.96O4, which is in accordance with
that observed in Ms and Mr trend. At both measured
temperatures, the experimental nB values are highest
for the SrFe12O19/MnCe0.04Fe1.96O4 nanocomposite sample.
This reveal the better super-exchange interactions in the


































ig. 7 – Variations in (a) Ms, (b) Mr and (c) Hc for different SrF
anocomposites with respect to various soft nano-spinel fer
rFe12O19/MnCe0.04Fe1.96O4 nanocomposite. The Mr/Ms ratio
f all synthesized hard/soft SrFe12O19/MCe0.04Fe1.96O4 (M = Zn,
n,  Cu, Co and Ni) hard/soft composites are recorded
n Table 2. Generally, Mr/Ms ratio inferior to 0.5 desig-
ates the incompleteness or the exchange-coupling effect
28]. Mr/Ms ratios are smaller than 0.5 are observed
n SrFe12O19/NiCe0.04Fe1.96O4, SrFe12O19/ZnCe0.04Fe1.96O4 and
rFe12O19/CoCe0.04Fe1.96O4 hard/soft nanocomposites, reflect-
ng the incomplete or weak exchange-coupling on these
roducts. As the exchange-coupling interaction is a short-
ange behavior [28], the long-range dipolar interactions
mong hard and soft phases in these nanocomposites
ause the noted decrease in the values of Mr/Ms ratios.
n the other hand, the SrFe12O19/MnCe0.04Fe1.96O4 and
rFe12O19/CuCe0.04Fe1.96O4 hard/soft nanocomposites showed
r/Ms ratios above average of 0.5, revealing greater exchange
nteractions in these nanocomposites. Hence, the sol-gel
uto-combustion procedure in one-pot is efficient to accom-
lish valuable fine grains growth of the hard and soft
hases in adjacent vicinity to build exchange-coupling among
anoparticles. The highest Mr/Ms ratio that attained for
rFe12O19/MnCe0.04Fe1.96O4 hard/soft nanocomposite reveals
he greatest exchange-coupling. This product displays the
ighest energy among other prepared nanocomposites.
The variation of Hc values of all synthesized hard/soft
anocomposite samples for the different Ce substituted nano-
pinel ferrites are presented in Fig. 7(c). The observed Hc values
n different nanocomposite samples are ranging between
he magnitudes of pure soft and hard phases, which is
ppropriate in the exchange-coupled nanomagnets. High-
st Hc values correspond to SrFe12O19/CoCe0.04Fe1.96O4 and
rFe12O19/NiCe0.04Fe1.96O4 hard/soft nanocomposites. Largely,19/MCe0.04Fe1.96O4 (M = Ni, Co, Cu, Mn,  and Zn) hard/soft
phases.
the Co and Mn nano-spinel ferrites could display the largest
coercivity compared to other spinel ferrites. This is the
most reasonable reason for the highest coercivity in these
nanocomposites. It seems that the coercivity values of
these two nanocomposite samples may be further enhanced
if the exchange-coupling behavior was accomplished in
one-step. The SrFe12O19/MnCe0.04Fe1.96O4 hard/soft nanocom-
posite with highest Ms and Mr values showed relatively high
coercivity values. The two other SrFe12O19/ZnCe0.04Fe1.96O4
and SrFe12O19/CuCe0.04Fe1.96O4 hard/soft composites display
also quite high coercivity magnitudes, which is mostly recog-
nized to the exchange-coupling completeness among soft and
hard phases by one-step. Furthermore, it is well-known that
the Hc and crystallites size evolutions are inversely propor-
tional [20,40]; Hc grows with diminishing crystallites size and
shrinks with increasing crystallites size. An excellent relation-
ship among Hc and DXRD evolutions was observed.
3.4.  Microwave  properties
Utilizing the coaxial transmission line segment to mea-
sure the dielectric permittivity and magnetic permeabilities
of the SrFe12O19/MCe0.04Fe1.96O4 (M = Zn, Mn,  Cu, Co and
Ni) hard/soft composites have been performed. Fig. 8
demonstrates frequency dispersions of the imaginary
part and real part permittivity for all investigates compos-
ites (a-e). It can be seen that the chemical composition
(in particular composition of the soft phase) critically
influences the value of the permittivity. This is standart
situation for complex iron-based oxides [41,42]. Espe-
cially, it can be observed for SrFe12O19/MnCe0.04Fe1.96O4
(8c) and SrFe12O19/NiCe0.04Fe1.96O4 (8b) samples.
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Fig. 8 – Frequency dependencies of the real and imaginary parts of the permittivity of the SrFe12O19/MCe0.04Fe1.96O4
n (d) hard/soft nanocomposites, where M = Co (a), Ni (b), Mn  (c), Z
The values of the real part of permittivity for
SrFe12O19/CoCe0.04Fe1.96O4 (8a), SrFe12O19/ZnCe0.04Fe1.96O4
(8d) and SrFe12O19/CuCe0.04Fe1.96O4 (8e) are very simi-
lar. Absence of any peaks on frequency dependences
of the real part of permittivity confirms the absence
of the loss of polarization in this frequency range for
SrFe12O19/MCe0.04Fe1.96O4 (M = Co, Mn,  Zn and Cu) hard/soft
nanocomposites [43]. The rapid increase of the real permit-
tivity for SrFe12O19/NiCe0.04Fe1.96O4 (8b) above 12.3 GHz let us
suppose that there is an energy loss on dipole polarization
in this frequency range. After analyzing Fig. 8b, we can
conclude that there are some broad peaks on curves due to
absorption of the high-frequency radiation. The peak position
and maximal imaginary permittivity values critically depend
on the chemical composition of the SrFe12O19/MCe0.04Fe1.96O4
(M = Zn, Mn,  Cu, Co and Ni) hard/soft composites. The main
limited parameter is A-site substitution in spinels (M-cation).
It can be explained by such factors: i. differences in electron
shell configuration and radii for A-site ions in spinel; ii. fea-and Cu (e)
tures of the AC-charge transport in composites with different
microstructure.
At lower frequencies, 2–7 GHz is dominated by the ionic
polarization in the material samples. Ionic polarization is ori-
genated from the displacement of the lattice nodes under the
action of an external electric field, and the displacement by
an amount smaller than the value of the lattice constant [44].
With this polarization, the real part of the dielectric permit-
tivity practically does not change in the frequency range. The
imaginary part of the dielectric permittivity gradually dimin-
ishes gradually with frequency increasing. In the range from 2
to 12 GHz, there is a transition from ionic polarization to dipole
polarization [44].
At frequencies above 12 GHz in SrFe12O19/MCe0.04Fe1.96O4
(M = Ni, Co, Cu, Mn, and Zn) hard/soft nanocomposites are
dominated by the dipole polarization. The dipole polarization
associated with the dipoles orientation in the external field
which is aimed at overcoming the binding forces inside the
ions, caused the high losses observed at frequencies less. A
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Fig. 9 – Frequency dependencies of the real and imaginary parts of the permeability of the SrFe12O19/MCe0.04Fe1.96O4
















ard/soft nanocomposites, where M = Co (a), Ni (b), Mn  (c), Zn
imilar change of polarization occurs for other materials but
t higher frequencies.
Fig. 9 demonstrates frequency dispersions of the per-
eability imaginary part real part for all investigates
omposites. It can be seen that chemical composition
in particular composition of the soft phase) critically
nfluences the value of the permittivity. Especially it
an be observed for SrFe12O19/MnCe0.04Fe1.96O4 (9c) and
rFe12O19/NiCe0.04Fe1.96O4 (9b) samples for permeability imag-
nary and real parts. The values of the real part of permittivity
or SrFe12O19/CoCe0.04Fe1.96O4 (9a); SrFe12O19/ZnCe0.04Fe1.96O4
9d) and SrFe12O19/CuCe0.04Fe1.96O4 (9e) are very similar.
There are some mechanisms for electromagnetic absorp-
ion in complex magnetic oxides [45]. One of them is Domain
oundaries Resonance (DBR). Second mechanism concern
ith Natural Ferromagnetic Resonance (NFR). It is widely
nown that in the region of the NFR can be observed anoma-and Cu (e).
lies in frequency dependences of the permeability imaginary
part. Negative values of the permeability imaginary part can
be discussed as reflection losses [43].
Based on the imaginary and real parts calculated
values of the dielectric permittivity and magnetic per-
meability, we calculate the reflection coefficient. Fig. 10
demonstrates frequency dependence of reflection coefficient
for SrFe12O19/MCe0.04Fe1.96O4 (M = Zn, Mn,  Cu, Co and Ni)
hard/soft composites in the frequencies of 2-18 GHz.
RL data is well-correlated with the permittivity and the
permeability frequency dependence. On the reflection losses
frequency dependence (Fig. 10), we can observe non-linear
behaviour. Insufficient decrease of the RL in the range up to 7-
9 GHz for all samples can be a result of the ionic polarization.
Frequency increasing (higher than 9 GHz) lead to changes in
the mechanism of EMR absorption. Increase of the RL can be
explained by the dipolar polarization. The point of inflexion
5868  j m a t e r r e s t e c h n o l . 2 0 2 0;9(3):5858–5870
Fig. 10 – Frequency dependencies of the reflection losses (RL) of the SrFe12O19/MCe0.04Fe1.96O4 (M = Ni, Co, Cu, Mn, and Zn)
r
hard/soft nanocomposites.
on the RL curves correspond to the frequency of the transition
between two mechanisms. And the position of this point is
crucially influenced by the chemical composition of the mag-
netically soft phase–M-cation in the spinel structure. This can
be explained by the configuration of the electronic shell of the
A-site cation in spinel.
4.  Conclusion
Diversified compositions of SrFe12O19/MCe0.04Fe1.96O4 (M = Zn,
Mn,  Cu, Co and Ni) hard/soft composites were synthe-
sized utilizing one-pot sol-gel auto-combustion process. The
exchange-coupling behavior was investigated in the vari-
ous synthesized SrFe12O19/MCe0.04Fe1.96O4 (M = Zn, Mn, Cu, Co
and Ni) hard/soft composites. The highest exchange-coupling
behavior was noticed for the SrFe12O19/MnCe0.04Fe1.96O4
hard/soft nanocomposite. Measurements of the microwave
properties of the SrFe12O19/MCe0.04Fe1.96O4 (M = Zn, Mn, Cu,
Co and Ni) hard/soft composites were performed using the
coaxial method in the frequency range of 2-18 GHz. It was
established that the chemical composition (A-site cation in
spinel the phase) correlates well with permittivity and perme-
ability. There were two mechanisms proposed for microwave
properties explanations: i. ionic polarization (<7 GHz) and ii.
dipole polarization (>12 GHz). The point of inflection on the RL
curves corresponds to the frequency of the transition between
two mechanisms. The position of this point can be explained
by the configuration of the electronic shell of the A-site cation
in spinel.Conflict  of  interest
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